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Pea leaf mitochondria had a high ATP hydrolase activity following the collapse of the membrane potential by addition of valinomycin in state 
4. In mitochondria isolated from potato tubers such ATP hydrolase activity was not observed. Pea leaf mitochondria also had a dpH, in contrast 
to what was previously found for potato tuber mitochondria. This dpH could, however, not explain the different results on ATP hydrolysis since 
this activity was also observed in the presence of nigericin. The results suggest atissue-specific regulation of ATP hydrolysis in resting organs (potato 
tubers) as compared tb active organs (leaves). 
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1. INTRODUCTION 
The mitochondrial F,F, ATPases of several plant tis- 
sues have been extensively characterized [l]. With en- 
zymes isolated from potato tubers, the maximal activity 
has been obtained by the use of non-ionic detergents [2]. 
The first observations in situ indicated a very low hy- 
drolyzing activity of membrane-bound ATPase as com- 
pared to the synthesis of ATP, especially in potato tu- 
bers [3,4]. The ATP-hydrolyzing activity of inverted 
particles was increased by treatments known to remove 
the endogenous inhibitor protein [3,4]. However, in an- 
imal submitochondrial particles, it is not clear whether 
the removal of the inhibitor protein, favoured by the 
electrochemical proton gradient, triggers only ATP hy- 
drolysis [5,6], or both synthesis and hydrolysis [7]. 
Moreover, a specific regulation of ATP hydrolysis 
activity in mitochondria from various tissues has been 
previously proposed [8], suggesting that a growing tis- 
sue may hydrolyze ATP, at variance with a resting 
organ as potato tubers [3]. 
In the present paper we have investigated the regula- 
tion of the ATP-hydrolyzing activity in situ in mito- 
chondria extracted from potato tubers, a resting organ, 
and pea leaves, an active organ. The possible involve- 
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ment of the pH gradient has especially been tested, after 
the demonstration of its presence in pea leaf mitochon- 
dria under our experimental conditions. 
2. MATERIALS AND METHODS 
2.1. Preparation of mitochondria 
Extraction and purification of mitochondria from potato tubers 
(Solanum tuberosum, L.) were carried out at 4°C as previously de- 
scribed [9] except for the addition of 0.5% (w/v) polyvinylpyrrolidone 
in the grinding medium. Purified mitochondria were collected and 
stored in assay medium containing 0.4 M mannitol, 5 mM MgCI,, 30 
mM KCl, 0.1% (w/v) bovine serum albumin and 2 mM K-K,-phos- 
phate buffer (pH 6.9) at a protein concentration of l&20 mg . ml-‘, 
determined using the Bradford method [lo]. 
Pea leaf tissue (200 g) was chopped twice for 8 s, at high speed, in 
a Waring blendor containing 700 ml of medium composed of 0.3 M 
mannitol, 5 mM ethylenediaminetetraacetic acid (EDTA), 0.4% (w/v) 
bovine serum albumin, 0.5% (w/v) polyvinylpyrrolidone, 8mM cyste- 
ine, 50 mM 3-[N-morpholinolpropane-sulfonic acid (MOPS) (pH 7.5). 
The homogenate was filtered through a nylon sieve (mesh diameter 25 
pm). and centrifuged at 300 x g for 10 min. The supematant was 
recentnfuged at 9,000 x g for 20 min and the mitochondrial pellet was 
resuspended in washing medium containing 0.4 M mannitol, 0.1% 
(w/v) bovine serum albumin, 10 mM MOPS (pH 7.2). After a centrif- 
ugation at 500 x g for 10 min, the supematant was centrifuged at 
9,000 x g for 20 min, and the purification was performed on a 28% 
self-generating Percoll gradient [9]. Pea mitochondria were resus- 
pended m the same assay medium as potato mitochondria. 
2.2. Assays 
Measurements of oxidation rate, transmembrane potential and 
changes in pH of the medium were made simultaneously in a single 
assay at 25°C in a glass vessel containing 3 ml (final volume) 
of the assay medium. About 0.2 to 0.5 mg protein were added per 
assay. 
Oxygen uptake was measured polarographically with a Clark-type 
electrode. Membrane potential was measured with a TPP+ sensitive 
electrode [9,11]. ATP synthesis and hydrolysis were estimated with a 
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glass electrode from the pH variation in the medium. Indeed the 
equilibrium: 
(ADP + P,)“- + mH+ + ATP”- + Hz0 
mvolves protons. The coefficient WI = p - 4 depends on the protona- 
tion of ADP, ATP, and P,. and then depends on the pH value [12]. 
Therefore, ATP synthesis consumes and ATP hydrolysis produces H’ 
ions independently of the proton pumping activity of the enzyme. The 
total change in pH during ATP hydrolysis was maintained below 0.05 
and the buffer capacity, estimated by HCl titration in each condition, 
was constant in this range. Kinetics of HCI titration also show that 
the response of the electrode was never rate-limiting. 
3. RESULTS 
Fig. 1 presents the primary observations concerning 
ATP hydrolysis by mitochondria from different tissues. 
In order to observe hydrolysis of ATP by mitochondria, 
electron transfer chain was inhibited by KCN to avoid 
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Fig. 1. ATP hydrolysis-driven membrane potential in plant mitochon- 
dria. Conditions as described in section 2. Purified mitochondria 
(PM), 13Opg protein ml-‘; KCN, 100pM; ATP, 1 mM; valinomycin, 
40 ng (mg protein)-‘; oligomycin. 0.2 mg (mg protein)-‘. dE repre- 
sents the TPP+ electrode response in mV. A, potato tuber mitochon- 
dria; B. pea leaf mitochondria. The values plotted on the trace in B 
refer to membrane potential. 
the formation of a redox-driven electrochemical proton 
gradient. Under these conditions, Ay generated in the 
presence of ATP can be attributed to the ATP hydrolase 
activity. 
Fig. 1A shows that potato tubers mitochondria 
treated with KCN did not generate a membrane poten- 
tial after addition of ATP. A slight TPP+ uptake by 
mitochondria was observed, but it was not affected by 
addition of valinomycin (a K+ ionophore), or oligomy- 
tin, a specific inhibitor of F,F, ATPase. This TPP’ 
signal can be attributed to a nonspecific binding of the 
cation, independent of Ayf. 
By contrast, in pea leaf mitochondria under the same 
experimental conditions (Fig. lB), a transmembrane 
potential was generated after addition of ATP. This 
membrane potential was totally dissipated by valinomy- 
tin or oligomycin. Moreover, the presence of oligomy- 
tin before addition of ATP prevented the generation of 
the membrane potential. 
In another experiment, induction of ATP hydrolysis 
by addition of valinomycin to isolated plant mitochon- 
dria in state 4 [ 131 and in the presence of saturating ATP 
has been directly investigated (Fig. 2). In order to avoid 
problems due to the ‘conditioning’ of mitochondria [ 141, 
study of ATP hydrolysis was carried out after two con- 
secutive state-3/state-4 cycles as defined in [ 131. Uncou- 
pling of the membrane by valinomycin was achieved 
only during the subsequent state 4, in order to have a 
maximal electrochemical proton gradient for the possi- 
ble activation of the membrane-bound ATPase [5-7,15- 
181. To reach the maximal membrane potential in state 
4, before ATP hydrolysis, we used glycine as a respira- 
tory substrate for pea leaf mitochondria [ 19-211, and 
succinate for potato mitochondria, as no glycine oxida- 
tion activity is present in mitochondria from non-green 
tissue. 
Fig. 2 shows how ATP hydrolysis has been checked. 
In A. the experiment was carried out with potato tuber 
mitochondria. Addition of ADP induced a transient 
increase in oxidation rate, a release of TPP’ from mito- 
chondria (decrease of the transmembrane potential) and 
an increase in the external pH. Once net phosphoryla- 
tion stopped (state 4) and after addition of ATP, a 
saturating concentration of valinomycin was injected, 
immediately collapsing the membrane potential. Under 
these conditions, hydrolysis would be detected as an 
acidification of the medium [12]. However, with potato 
tuber mitochondria, no change of the external pH was 
observed, i.e. no hydrolysis occurred, whereas a high 
activity of ATP synthesis was observed (1,660 f 60 
nmol ATP min-’ . (mg protein)-’ for 9 different assays). 
In B, the same experiment was carried out with pea leaf 
mitochondria using glycine as respiratory substrate [ 19- 
21]. A significant acidification of the external medium 
was observed upon valinomycin addition. This phe- 
nomenon disappeared when oligomycin was injected 
before the uncoupling by valinomycin, proving that it 
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Fig. 2. Synthesis and hydrolysis of ATP by (A) potato tuber mitochon- 
dria and (B) pea leaf mitochondria. Conditions as described in section 
2. A, potato tuber mitochondria. Purified mitochondria (PM), 170 pg 
protein ml-‘; ADP additions, 100 PM and 200 PM; ATP, 1 mM; 
valinomycin, 40 ng (mg protein)-‘. Rates of oxygen uptake in nmol 
O2 min-’ . (mg protein)-‘: in state 3, 527; in state 4, 85. Membrane 
potential in mV: in state 3, 168; in state 4. 235. B, pea leaf mitochon- 
dria. PM, 17Opg protein ml-‘; NAD’, 250pM; glycme, 8 mM; ADP 
additions. 50 PM and 100 DM; ATP, 1 mM: vahnomvcin. 40 na (me 
protein)-‘. Oligomycin, 0.2 mg (mg protein)-’ or nigericin, 1 pi (rng 
protem)‘. is injected, if mentioned, between ATP and valinomvcin. 
In B, the time course of ATP hydrolyses with nigertcin or oligomycin 
was shifted to the right to be more visible. Rates of oxygen uptake in 
nmol O2 min-’ (mg protein)-‘: in state 3. 162; in state 4, 45. Mem- 
brane potential values in mV: in state 3, 173: in state 4, 229. 
reflects ATP hydrolysis. The activity started to decay 
immediately after dissipation of the membrane poten- 
tial, suggesting that the electrochemical proton gradient 
plays a key role in the enzyme activation, as in chloro- 
plasts [15-171. This rapid deactivation of the enzymes 
makes difficult a precise estimation of the initial rate of 
ATP hydrolysis. An additional problem is raised by 
transmembrane proton movements in the first seconds 
following valinomycin addition (see below). For this 
reason, we have estimated the instantaneous rate of 
ATP hydrolysis 15 s after membrane deenergization. In 
this condition, the activity had already started to decay, 
but the pH variations were now only due to the produc- 
tion of protons by the ATP hydrolysis. The reaction rate 
so measured varied from 900 to 1,800 nmol ATP 
min-’ . (mg protein)-‘, while the steady state rate of 
ATP synthesis during state 3 varied from 600 to 1,200 
nmol ATP min-’ . (mg protein)-‘, depending on the 
preparation. 
In contrast to potato mitochondria [9], nigericin in- 
creased AI,U under state 4 conditions in pea leaf mito- 
chondria, indicating the existence of a ApH (not shown). 
In Fig. 2B, valinomycin-triggered ATP hydrolysis was 
reinvestigated in pea leaf mitochondria, but in the pres- 
ence of nigericin to obtain a similar situation as in po- 
tato tuber organelles. An important ATP hydrolysis 
was still detected in this case. However, it was only a 
fraction of the control and the deactivation was slightly 
accelerated. These effects might well be the consequence 
of the dissipation of ApH. but the enzyme is still active, 
in contrast with potato tuber mitochondria. Thus, one 
may exclude that the lack of ApH in potato tuber mito- 
chondria is responsible for the total absence of ATP 
hydrolysis. 
Since the presence of a ApH means a higher pH in the 
matrix than in the medium, it would be possible that the 
ability to hydrolyze ATP is a question of matrix pH and 
not of ApH. Indeed, the catalytic part F, is exposed to 
the internal compartment. To check this hypothesis, we 
have first compared the pH-dependency of ATP-hy- 
drolysis with and without nigericin, in pea leaf mito- 
chondria, which are thought to maintain a significant 
ApH in addition to AI,u. Fig. 3 shows the instantaneous 
rate of ATP hydrolysis as a function of pH, 5 s (Fig. 3A) 
or 15 s (Fig. 3B) after uncoupling by valinomycin alone 
(control) or by valinomycin plus nigericin. At t = 5 s the 
shape of the curve is quite different with and without 
nigericin (Fig. 3A). This is probably due to a fast proton 
extrusion from the matrix upon Ay dissipation, induced 
by the acceleration of the redox chain, and probably 
also by the triggering of ATP hydrolysis. This phenom- 
enon occurs only during a transmembrane ApH varia- 
tion (in the absence of nigericin) and interferes with the 
consumption of protons used to monitor ATP hydroly- 
sis. This effect becomes predominant at acidic pH, 
where the ratio m between H’ produced and ATP hy- 
drolysed is low [ 121. When the rate of ATP hydrolysis 
was determined 15 s instead of 5 s after valinomycin 
addition (Fig. 3B), the shape of the curve obtained with 
nigericin was not changed, although the maximal activ- 
ity was decreased. Without nigericin, the situation was 
different: one then obtained a bell-shaped curve. After 
a longer time of deactivation, the maximal activities, 
identical with and without nigericin, continue to de- 
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Fig. 3. pH-dependency of instantaneous ATP hydrolysis with (0) and 
without nigericin (0), 5 s (A) or 15 s (B) after valinomycin addition 
in pea leaf mitochondria. Purified mitochondria, 67 pg protein ml-’ 
per assay; NAD’, 250 PM; glycine, 8 mM; ADP additions, twice 50 
PM; ATP, 1 mM; nigericin, 1 pg (mg protein)-‘; valinomycin, 
40 ng (mg protein)-‘. 
crease, but the shapes of the two curves no longer 
change (not shown). This shows that after 15 s (Fig. 3B) 
the contribution of the transmembrane proton move- 
ment to the measured activity was already negligible, 
because a pseudo-stationary ApH was probably 
reached. One can thus compare with confidence the 
data obtained with and without nigericin in Fig. 3B. 
These data show that the activity curve without niger- 
icin is grossly shifted towards the low pH values, as 
compared to the curve obtained with nigericin. This is 
consistent with the existence of a ApH, varying between 
0.5 and 1.0 pH unit, and with the control of ATP hy- 
drolysis by matrix pH in the absence of a membrane 
potential. 
A similar experiment was carried out on potato tuber 
mitochondria, increasing the external pH from 7 to 8. 
In this range, ATP hydrolysis was never observed, even 
in the presence of nigericin. Thus in potato tuber mito- 
chondria, increasing the pH in the internal compart- 
ment does not trigger ATP hydrolysis activity. 
4. DISCUSSION 
In contrast to potato tuber mitochondria, organelles 
isolated from pea leaves present a high ATP hydrolase 
activity after addition of valinomycin k nigericin in 
state 4. This activity, probably underestimated because 
of the rapid deactivation of the enzymes, is however 
consistently higher than ATP synthesis. This was unex- 
pected. as it has been shown, in the case of membrane- 
bound chloroplast ATPase, that the maximum rate of 
catalytic turnover was 4 times higher for ATP synthesis 
than for ATP hydrolysis [22]. However, one should re- 
call that in plant mitochondria, ATP synthesis is con- 
trolled mainly by the respiratory chain, and not by the 
ATPase [23]. in contrast to what has been described for 
animal mitochondria [24]. The maximal turnover rate 
is therefore far from being reached during ATP synthe- 
sis in plant mitochondria. 
The effect of nigericin on Ay and on ATP hydrolysis 
demonstrated that pea leaf mitochondria maintain a 
significant ApH in addition to Ay, in contrast with po- 
tato mitochondria [9]. However, neither transmem- 
brane ApH nor matrix pH are responsible for the differ- 
ent modes of regulation of ATPase encountered in pea 
leaf and potato tuber mitochondria. 
The physiological process responsible for this switch 
between latent and active forms of the enzyme remains 
to be elucidated. A possible role of the ATP/ADP ex- 
changer should also be precised. The result of this spe- 
cific regulation could be the decrease of a wasteful ATP 
consumption in resting organs such as potato tubers. 
Finally, it would also be interesting to determine 
whether the loss of ATP hydrolase activity in potato 
tuber mitochondria is due to a rapid inactivation of the 
ATPase after dissipation of the proton motive force, as 
in chloroplasts [17], or whether it reflects an asymmetri- 
cal functioning of the enzyme, as it was proposed for the 
ATPase of animal mitochondria [5,6]. 
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